ABSTRACT The energetic cost of a sublethal treatment with chlorpyrifos was estimated by use of direct microcalorimetry to measure metabolic heat in susceptible and resistant strains of the German cockroach Blattella germanica L. Moreover, one of the detoxiÞcation enzyme systems known to be involved in detoxiÞcation of chlorpyrifos, glutathione-S-transferase, was measured. Individual cockroaches were exposed for 20 min on a glass-surfaces treated with 1.14 g/cm 2 of chlorpyrifos. There was no difference in glutathione-S-transferase activity of susceptible or resistant strains after the treatment. The heat production increased in the susceptible strain Ϸ30 min after exposure and declined again after Ϸ120 min to the basal level. The energetic cost of the exposure to the insecticide corresponds Ϸ5 h of normal metabolism. There were no signiÞcant differences in heat production after toxic treatment in any of the resistant strains. It was shown that measurement of heat production is a sensitive method to prove toxic reactions after exposure to a low dose of insecticide. The use of microcalorimetry as a promising biomarker technology was shown.
The cost of insecticide resistance as well as the subacute effects of pesticides on terrestrial arthropods is still equivocal. It has long been suggested that insecticide-resistant organisms should show differential survival in comparison with susceptible wildtype organisms in the absence of insecticide (Roush and McKenzie 1987) . Studies have conÞrmed that such adaptations constitute a cost. A large competitive disadvantage was found in a methoprene-resistant (a juvenile hormone analog) Drosophila melanogaster (Meigen) strain. The cost was from small differences in pupal development time, pupal mortality, and early adult fecundity (Minkoff and Wilson 1992) . Studies of evolutionary trade-offs of resistance to Bacillus thuringiensis (Bt) crops in Pectinophora gossypiella (Saunders) and Leptinotarsa decemlineata (Say) identiÞed costs affecting overwintering and survival on non-Bt crops (Alyokhin and Ferro 1999, Carriere et al. 2001a, b) . Similar decreased overwintering success of insecticide-resistant individuals has been identiÞed in Lucilia cuprina (Wiedeman) and Myzus persicae (Sulzer) (McKenzie 1994 , Foster et al. 1996 and could indicate a Þtness cost linked to the energetic balance of insects, i.e., general metabolism. Other recent studies have identiÞed signiÞcant differences between resistant and susceptible strains in mating success and predation risk in Culex pipiens L. and mating success, fecundity, and development time in Cydia pomonella L. (Boivin et al. 2001 , Berticat et al. 2002 . Target site resistance caused by single nucleotide polymorphism of the insecticide targeted protein genes, e.g., GABA-gated chloride channels or voltage-sensitive sodium channels, have shown no or low Þtness costs associated with behavioral differences in Myzus persicae and Musca domestica L. (ffrench-Constant 1999 , Foster et al. 2003 , whereas gene ampliÞcation leading to overproduction of carboxylesterase have a considerable Þtness cost (Guillemaud et al. 1999 , Bourguet et al. 2004 .
When looking at Þtness, some obvious biological parameters are developmental times, fecundity, and intrinsic rates of growth usually under optimal laboratory condition. However, a suboptimal and stressful environmental setting, where subtle effects under optimal conditions, such as nonobvious biological and behavioral effects, may have a considerable impact (Foster et al. 2003) .
To elucidate this, metabolic differences between susceptible and resistant insects have been studied respirometrically. A thorough study of a susceptible and two resistant strains of Spodoptera exigua (Hü bner) showed no differences in metabolic rates, and possibly Þtness costs when larvae were reared continuously on Bt toxin (Dingha et al. 2004) . In another study where the discontinuous gas exchange cycle was describe in Blattella germanica L. for the Þrst time, CO 2 emission and water loss were investigated in susceptible and pyrethroid-resistant cockroach strains (Dingha et al. 2005) . Overall metabolic rate was not signiÞcant different between both strains, but significant differences resulting in a longer discontinuous gas exchange cycle in the susceptible strain was found, but this was not important in reducing water loss and probably not linked to a Þtness cost (Dingha et al. 2005) .
Another promising approach to elucidate differences between susceptible and resistant insects or the cost of toxic exposure, which remains poorly exploited, is to determine the energetic cost of intoxication or poisoning. This may be done with ease and efÞciency using calorimetryÑparticularly so because this methodology has enjoyed a tremendous technical progress, which has extended the sensitivity to heat ßows in the nW (10 Ϫ9 J/s) range (Wiseman et al. 1989, Kholodenko and Freire 1999) , and hence enabled work on rather small (Ͼ1 mg) specimens. In addition to sensitivity and experimental convenience, calorimetry may offer several advantages as a biomarker methodology. It is straightforward to combine the recording of the heat production with the measurement of other parameters. Also, the ambient conditions of temperature, humidity, gas composition, etc., and the availability of prey and light can be controlled. Examples of the use of such combined methods include investigations of anabolic versus catabolic activity in Acar et al. (2001) and the time-course of the metabolic cost of active water adsorption (Hansen et al. 2004) . Another experimental advantage of calorimetry, which may be of interest in biomarker methodology, is that the primary experimental observable is a rate i.e., the heat produced in J/s. It follows that the method provides a real-time and high-resolution picture of the metabolic activity. This is in contrast to most other methods such as respirometry, which measures the (instantaneous) composition of gas and thus requires analysis of a (small) difference between two recordings to elucidate the metabolic rate.
In light of this, we have undertaken a study to test the applicability of microcalorimetry to determine the cost of toxic exposure. We earlier described resistance to the organophosphate chlorpyrifos, a synaptic toxin inhibiting the activity of acetylcholinesterase. Poisoned synapses cannot stop the nerve impulse, and poisoned insects exhibit tremors and uncoordinated movement; eventually leading to death. Danish populations of the German cockroach also showed varying patterns of pyrethroid, dieldrin, and Þpronil resistance (Spencer et al. 1998 , Kristensen et al. 2005 . We determined the energetic cost of sublethal chlorpyrifos doses in susceptible and chlorpyrifos-resistant strains of the German cockroach. Glutathione-S-transferase (GST) activity was determined because one of the resistance mechanisms against organophosphates like chlorpyrifos in German cockroaches is detoxiÞcation by GSTs (Hemingway et al. 1993 , Scharf et al. 1998 , Siegfried et al. 1990 , Siegfried and Scott 1992 .
Materials and Methods
Insects. Three B. germanica strains were used in this study. The susceptible strain DPIL-SUS has been held at the Danish Pest Infestation Laboratory (DPIL) for Ͼ50 yr. The Su960304 and Ga021001 strains were collected from Þeld populations in Denmark during 1996 and 2001, respectively (Kristensen et al. 2005) . Individual cockroaches used for experiments were in all cases adult males Ͻ1 mo old.
Chlorpyrifos Exposure. We adapted a method (the jar test) used for testing insecticide resistance in Þeld populations, where cockroaches are continuously exposed to a surface treated with insecticide (Milio et al. 1987) . For cockroaches exposed continuously to 0.5 g chlorpyrifos/cm 2 , the mean LT 50 (the time required to kill 50% of the cockroaches) for a susceptible strain was 114 Ϯ 5 min (Cochran 1997) . Cockroaches were exposed to chlorpyrifos by tarsal contact for 20 min in jars with a 250-cm 2 inner surface treated with 5 ml/57 g/ml chlorpyrifos dissolved in acetone; Þnal concentration after evaporation of the acetone was 1.14 g chlorpyrifos/cm 2 . Jars treated with acetone for 20 min and subsequently dried were used as controls. Chlorpyrifos was 97.4% technical grade obtained from Dow-Elanco Europe (Wantage, United Kingdom).
Microcalorimetric Equipment and Methods. The calorimeter, DSC-7707 (Hart ScientiÞc, Pleasant Grove, UT), used in this study measures heat rate directly under constant temperature conditions (this instrument has been discontinued but it is very similar to the current MC-DSC (Calorimetry Sciences Corp., Lindon, UT). The instrument was operated in the isothermal mode at 20ЊC throughout these measurements. The calorimeter has four removable 1-cm 3 steel ampoules, one of which is used as thermal reference while the other three are used for independent heat rate measurements. The ampoules were hermetically closed with a threaded lid and a gasket. Heat rate was recorded every 30 s on all three sample ampoules during the experiment. After exposure to chlorpyrifos, the experimental animals were quickly transferred to an ampoule, and this point represented zero experimental time (Fig. 1) . The sealed metal ampoules were then mounted in the calorimeter, and the data acquisition was initiated after 12 min. This delay was found to be long enough to obtain thermal equilibrium and thus ensure that the detected heat-ßow did indeed arise from the metabolism of the insect.
Data collected for 480 min conÞrmed that only the susceptible strain respond to the toxin (Fig. 2) .
To compare heat production and GST activity, data were subsequently collected for 40 and 67 min for treated and untreated individuals of the resistant stains and the untreated susceptible strain. Data collection of the treated susceptible strain was continued until the rate of heat production culminated; i.e., in time intervals between 40 and 75 min.
Determination of Glutathione-S-transferase Activity. Analysis was carried out using cockroaches removed from the calorimeter at the times stated above (Table 1 ; Fig. 2 ). Individual cockroaches were homogenized in 1 ml 0.1 M sodium phosphate-buffered saline (pH ϭ 6.5), and large fragments were removed by centrifugation at 10,000 ϫ g for 10 min at 4ЊC. GST activity was measured with 1-chloro-2,4-dinitrobenzene (CDNB) as substrate. The reaction mixture (750 Ð762.5 l) contained 0.1 M PBS (pH ϭ 6.5), 1 mM glutathione, and 32.5Ð50 l source of enzyme, and was incubated for 1 min at 25ЊC, after which 1.3 mM CDNB was added to start the reaction. Change in absorbance at 340 nm was measured every 30 s for 5 min spectrometrically (Clausen and Nielsen 1988) . GST activity was expressed as nmol CDNB conjugate per min, with an extinction coefÞcient of 9.6 mM Ϫ1 cm Ϫ1 for S-(2,4-dinitrophenyl)glutathione (Habig et al. 1974) . GST activity was measured in the untreated DPIL-SUS, SU960304, and GA021001. Likewise GST activity was determined in treated individuals of the three strains after 40 min and when the heat production was maximal, i.e., in the time interval from 50 to 100 min after chlorpyrifos exposure. Therefore, 40 min represent the middle time value before any metabolic responses were observed, and 67 min is the average time of metabolic responses to the toxin measured in the susceptible strain.
Statistical Analyses. The nonparametric KruskalWallis analysis of variance (ANOVA) was used to test the effects of pesticide treatment on weight, heat production, and enzyme activity (Systat ver. 11), followed by a post hoc test for multiple pairwise comparison (Siegel and Castellan 1988) .
Results
Individual German cockroaches were exposed to chlorpyrifos by tarsal contact, and visual inspection of cockroaches did not indicate any response.
Typical results from the calorimetric measurements are shown in Fig. 1 , which shows the heat ßow in W/mg wet weight of one untreated individual and one individual treated with chlorpyrifos from each of the susceptible DPIL-SUS strain and the two chlorpyrifos-resistant strains SU960304 and GA021001, which are 4-and 13-fold resistant, respectively, compared with the susceptible DPIL-SUS at LD 50 in topical application assay. Additionally, Su960304 is 15-fold resistant to dieldrin and 29-and 59-fold resistant to permethrin and deltamethrin, respectively, and Ga021001 is 2000-fold resistant to dieldrin, 14-fold resistant to Þpronil, and 11-fold resistant to deltamethrin (Spencer et al. 1998 , Kristensen et al. 2005 ). There were only small differences in the heat production of the resistant strains, and their heat production was not inßuenced by prior exposure to chlorpyrifos. The susceptible strain, however, responded with a signiÞcant rise (P K-W Ͻ Ͻ 0.05) in heat production, which commenced between 40 and 75 min after chlorpyrifos exposure with a mean value of 67 min. The increased heat production persisted Ϸ120 min, after which it declined to the same level as the untreated DPIL-SUS (Fig. 1) . Determination of the area under this peak in the heat ßow showed that the extra energetic cost of chlorpyrifos exposure was 0.04 J/mg. Because the metabolic heat production in untreated specimens of DPIL-SUS animals on the average was 2.3 W/mg, it follows that the energetic cost of the exposure to the insecticide corresponds to Ϸ5 h of normal metabolism. The heat production in the untreated susceptible individual is at the same level as the treated and untreated individuals of the resistant strains. Mean values of the maximal heat production per mg (wet weight) were measured during 480 min (Fig. 2) . There are no signs of insecticide-induced enhancement of the total metabolic activity in resistant animals.
Comparison of the cumulative values for the replicates (data not shown) as well as the average heat production (means of heat production per mg wet weight for the last 5 min before removal from the calorimeter) of each cockroach strain with or without chlorpyrifos showed only minor variations among the individuals (Table 1) .
GST activity was compared between chlorpyrifostreated and -untreated cockroach There were significant differences (P Ͻ 0.05 K-W ) between the DPIL-SUS and the GA021001 strains and between the untreated groups of SU960304 and GA021001 strains, whereas there were only subtle and not signiÞcant differences between the other groups (Table 1) .
Discussion
The purpose of this study was to develop a method to show the effects of sublethal toxic exposures. A traditional method showing exposure to toxins, glutathione S-transferase activity, was compared with calorimetric measurements. The heat generation of insects measured by direct calorimetry is described as a sensitive, quick, and promising tool for biological studies of physiological or environmental elicitors (Lambrecht 1998) . Stress reactions of various kinds, e.g., exposure to toxic compounds, can result in metabolic costs. In our case, we know that two of the three strains of B. germanica are chlorpyrifos-resistant to different extents and one strain is susceptible. Our results show that tarsal treatment with 1.14 g chlorpyrifos/cm 2 is without metabolic costs for the resistant strains, whereas the costs for a period of 10 h are more than three times as much in the susceptible strain (Fig. 2) . By measuring heat production, it is possible to show when the reaction occurred. There are small individual differences from 40 to 120 min after the toxic treatment, at which point the heat production increases Ϸ10 times over a period for Ϸ120 min. This delay may reßect the time it takes before the toxin reaches the target site. The GST activity at the time when the heat production peaked was not different from the enzymatic activity measured before the increase in heat production or from the enzymatic activity in untreated individuals, but the untreated resistant strains have generally higher GST activity, which corresponds to their resistance factors.
The lack of an increase in enzyme activity may reßect the very low concentration of chlorpyrifos, which is only 1.7% of the concentration prescribed by the World Health Organization for the prevention of cockroaches or that other detoxifying enzymes than GST are active. Also in the resistant strain, there were no signiÞcant differences in GST activity caused by the treatment with chlorpyrifos. The rise in metabolism in the susceptible strain can be caused by involuntary muscle activity, e.g., shivering or difÞculty in relaxing muscles after contracting them (myotonia), which was also indicated by an early microcalorimetric study of Aedes aegypti L. and B. germanica. (Kurtti et al. 1979) . The rise could also be caused by detoxiÞcation by other enzymes than GST followed by removal of breakdown products, direct stimulation of metabolic rate by interacting with mitochondria. These results suggest that calorimetry may have a considerable potential as a biomarker methodology. The fact that the method is nonspeciÞc and quantitative may be particularly relevant. The nonspeciÞcity provides both drawbacks and advantages. No mechanistic interpretations can be based on calorimetry alone (although thorough "calibration" of the method against speciÞc and molecular information may allow assignment of characteristic features in the thermal output). However, these data suggest that the nonspeciÞcity can be an advantage because (1) the signal may be ampliÞed through myotonia or other mechanisms so that the response to subacute doses can be readily detected, (2) effects arising from different mechanisms can be captured in a single and experimentally undemanding method, and (3) its noninvasiveness reduces the stress to the experimental animals and keeps them alive for further tests. Finally, we found that the quantitative nature of the calorimetric results can be useful for evaluating Þtness costs of insecticide exposure. More speciÞcally, a susceptible strain of the German cockroach expends an additional energy corresponding to Ϸ5 h of normal metabolism when exposed to chlorpyrifos well below the lethal dose where insects resistant to this insecticide do not show increased metabolism.
